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Abstract:  24 
In this study, the effect of fly ash characteristics, the content of the fly ash and mix proportion 25 
of the Fly Ash-Based Geopolymer Concrete (FBGC) on the bond strength between the FBGC 26 
and steel reinforcement were examined. Australian fly ashes from five different sources 27 
(Eraring, Mt-Piper, Bayswater, Gladstone and Collie) were used in producing FBGC. A total 28 
of 45 FBGC mixes with different fly ash content (300, 400 and 500 kg/m
3
) and different 29 
proportions of alkaline activator were prepared. The use of different fly ashes and in different 30 
amounts showed significant differences in the bond strength between the FBGC and steel 31 
reinforcement. It was found that the fly ash characteristics including particle size distribution 32 
and the content of SiO2 Al2O3 and CaO influenced the bond strength of the FBGC 33 
significantly. The results showed that the FBGC that was mixed with Gladstone (GL) fly ash 34 
exhibited the highest average bond strength between the FBGC and steel reinforcement (25 35 
MPa). While the FBGC that was mixed with Bayswater (BW) fly ash showed the lowest 36 
average bond strength between the FBGC and steel reinforcement (10 MPa). The results also 37 
indicated that the increase in the fly ash content in the FBGC significantly increased the bond 38 
strength between the FBGC and steel reinforcement. The bond strength of the FBGC 39 
responded differently to changes in the Na2SiO3/NaOH ratio in the alkaline activator 40 
corresponding to the use of different fly ash.      41 
Keywords: Geopolymer concrete; Bond strength; Fly ash; steel reinforcement;  Alkaline 42 
activator.  43 
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1. Introduction  44 
Geopolymer concrete is developing as an environmentally friendly alternative to Portland 45 
Cement Concrete (PCC). The geopolymer concrete is synthesised by mixing a geopolymer 46 
binder (aluminosilicate material and alkaline activator) with aggregate. In general, the 47 
geopolymer binder is prepared by mixing an aluminosilicate material (i.e. fly ash and blast 48 
furnace slag) with an alkaline activator, i.e. sodium hydroxide (NaOH) and sodium silicate 49 
(Na2SiO3). The chemical reaction (geopolymerization) between the aluminosilicate material 50 
and the alkaline activator forms a three-dimensional inorganic polymer with coherent and 51 
adhesive properties [1]. 52 
  53 
The use of fly ash (by-products of coal combustion in power stations) in producing 54 
geopolymer concrete is gaining more interest by many researchers across the world. This is 55 
because the fly ash is one of the cheapest aluminosilicate materials which is rich in silica 56 
(SiO2 40%-70% by weight) and alumina (Al2O3 15%-30% by weight) [2, 3]. Moreover, the 57 
use of fly ash in the geopolymer concrete contributes in reducing the environmental impacts 58 
due to disposing fly ash in landfills [4]. However, fly ashes produced from different power 59 
stations have different characteristics because of using different fuel types (bituminous and 60 
lignite coal) and different techniques in collecting the fly ashes making the fly ash a non-61 
standard material [5, 6]. As such, fly ashes from different sources will have different extent of 62 
geopolymerization with alkaline activators that affects the properties of the Fly Ash-Based 63 
Geopolymer Concrete (FBGC). This is due to the differences in the fly ash characteristics in 64 
terms of particle size distribution, amorphous SiO2 and Al2O3 content and CaO content [7-65 
10]. Consequently, using fly ash from different sources in producing FBGC has different 66 
performance in structural members. Thus, understanding the factors that affect the 67 
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performance of the FBGC with steel reinforcement is necessary to promote the use of FBGC 68 
as a potential alternative to the PCC. 69 
 70 
Reinforced concrete members generally rely on the interfacial bond between the reinforcing 71 
bars and the surrounding concrete [11, 12]. Transferring the forces between a steel rebar and 72 
the surrounding concrete depends on chemical adhesion, friction and the mechanical 73 
interlocking between steel ribs and the concrete [11]. The performance of the concrete to 74 
resist stresses transferred from the reinforcing bars is dominated by the compressive and the 75 
tensile strengths of the surrounding concrete [11].  76 
 77 
The bond strength between the FBGC and steel reinforcement has been investigated in 78 
different studies [13-18]. The effects of the bar size of steel reinforcement, the embedded 79 
length of the steel bar, the thickness of the concrete cover and curing conditions of FBGC on 80 
the bond strength between the FBGC and steel reinforcement were investigated by several 81 
studies. However, the existing studies did not investigate the effect of using different fly ash 82 
sources (different characteristics) and different mix proportion on the bond strength between 83 
the FBGC and steel reinforcement. The present study examines the effect of different fly ash 84 
sources (five different Australian fly ash sources) and different mix proportion of the FBGC 85 
(three different fly ash contents and three different weight ratios of Na2SiO3/NaOH) on the 86 
bond strength between the FBGC and steel reinforcement.  87 
 88 
2. Experimental work 89 
2.1 Materials 90 
2.1.1 Fly ash  91 
Fly ashes (Type F) from Eraring (ER), Mt Piper (MP), Bayswater (BW), Gladstone (GL), and 92 
Collie (CL) power stations were used in this study. The X-Ray Fluorescent (XRF) was 93 
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carried out on samples of fly ash in the laboratories of the School of Earth & Environmental 94 
Sciences, University of Wollongong, Australia. The particle size distribution analysis for the 95 
fly ash samples were carried out using laser diffraction particle size analyser. The results of 96 
the XRD and XRF analysis of the fly ash are summarised in Table 1, respectively. The 97 
particle size distribution of the fly ash samples is illustrated in Figure 1. 98 
 99 
The analysis of the XRF showed that all fly ash samples were Type F based on the definition 100 
of ASTM-C618 (2015). The amount of SiO2, Al2O and Fe2O3 content for all fly ashes were 101 
higher than 70%. The CaO content in all fly ash samples were less than 8%. The percentages 102 
of the Loss on Ignition (LOI) for the unburned particles in all fly ashes ranged from 0.7% to 103 
1.7%. The median particle size (d50) of the fly ashes Eraring, Mt Piper, Bayswater, 104 
Gladstone, and Collie were 24.8, 20.5, 17.0, 3.5 and 9.0 µm, respectively. 105 
 106 
2.1.2 Alkaline activator 107 
The alkaline activator utilised in this study was composed of different proportions of NaOH 108 
and Na2SiO3. The NaOH solution was prepared by diluting caustic soda, which contained 109 
about 98% by weight Na2O in water. The Na2SiO3 composed of 29.4% SiO2, 14.7% Na2O 110 
and 55.9% water by wieght. 111 
 112 
The optimum concentration of the NaOH and the weight ratio of the alkaline activator to the 113 
fly ash content (AL/FA) for each fly ash source were determined by conducting sets of 114 
geopolymer trial mixes. For this aim, five sets of fly ash-based geopolymer mortar (FGBM) 115 
mixes were prepared and tested for compressive strength. The details of the mix proportion of 116 
the geopolymer mortar are summarised in Table 2. The weight ratio of fly ash to sand was 117 
fixed at 1:2.75 according to [19].  The results of the compressive strength of the FBGM show 118 
6 
 
that the optimum concentration of NaOH and the optimum AL/FA for ER, MP and BW fly 119 
ashes were 16 mole/L and 0.6, respectively. While the optimum NaOH concentration and the 120 
optimum AL/FA for GL and CL fly ashes were 12 mole/L and 0.5, respectively. The results 121 
showed that fly ash with a high percentage of fine particles and amorphous components (SiO2 122 
and Al2O3) such as GL and CL fly ashes required a low dosage of alkaline activator to 123 
achieve the highest compressive strength. While ER, MP and BW fly ashes required a high 124 
concentration of the NaOH and AL/FA to achieve the highest compressive strength.     125 
 126 
The effect of using an alkaline activator with different content of Na2SiO3 and NaOH on the 127 
bond strength between the FBGC and steel reinforcement was investigated. For this aim, the 128 
Na2SiO3 and the NaOH were blended into three Na2SiO3/NaOH weight ratios which are 1.5, 129 
2.0 and 2.5. These ranges of the Na2SiO3/NaOH ratios were used previously in several 130 
studies [20-22]. 131 
 132 
2.1.3 Aggregate 133 
Coarse aggregate with a maximum size of 14 mm and specific gravity of 2.6 was utilised in 134 
the geopolymer concrete mixes. The coarse aggregate used in this study was crushed basalt 135 
aggregate with water absorption of 0.77%. Fine aggregate (< 4.75 mm) with a specific 136 
gravity of 2.5 and a fineness modulus of 3.2 was also used in the geopolymer concrete mixes. 137 
Both coarse and fine aggregates were used in the saturated surface-dry (SSD) condition. 138 
 139 
2.1.4 Steel bar 140 
To investigate the bond behaviour between the geopolymer concrete and steel reinforcement, 141 
deformed steel bars with a nominal diameter of 16 mm were used in this study. The nominal 142 
tensile strength of the deformed steel bar was 500 MPa.  143 
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2.2 Mixing, casting and curing of the FBGC 144 
In this study, mixes of the FBGC were prepared by mixing fly ashes (Type F), alkaline 145 
activators (mix of NaOH and Na2SiO3), water, fine aggregate and coarse aggregate in 146 
different mix proportions. These mixes were divided into five groups according to the source 147 
of fly ash, which are ER, MP, BW, GL and CL. Nine mixes of FBGC were prepared for each 148 
group. Fly ash in the FBGC groups was blended with Na2SiO3/NaOH ratios of 1.5, 2.0, and 149 
2.5; the mixes of the FBGC in each group were mixed with 300, 400, and 500 kg/m
3 
of fly 150 
ash. The maximum reduction in the total volume of aggregate due to increasing the fly ash 151 
content from 300 to 500 kg/m
3 
was 24%. Water was used to control the slump of the FBGC. 152 
The fine and coarse aggregates were selected based on the method prescribed in ACI-211.1 153 
[23] for normal concrete. The details of the geopolymer concrete mixes are listed in Table 3. 154 
The fly ash and aggregate were dry mixed for three minutes, then the pre-mixed alkaline 155 
activator was added and blended for another four minutes. Water was added to the 156 
geopolymer concrete mixes to maintain a slump between 80 to 100 mm, after which the 157 
mixes were poured into moulds and compacted by a vibrating table. These specimens were 158 
kept at ambient temperature for 24 hours as proposed by Vora and Dave [24], then cured in 159 
an oven at 70
o 
C for 24 hours as recommended by Gunasekara et al. [25] and Soutsos et al. 160 
[26]. During heat curing, the specimens were covered with plastic sheets to prevent loss of 161 
moisture. The specimens were then taken out of the moulds and kept at room temperature 162 
before being tested. 163 
 164 
The mixes of the FBGC were identified according to the fly ash source, fly ash content and 165 
Na2SiO3/NaOH ratio. The sources of fly ash were labelled ER, MP, BW, GL, and CL, which 166 
denotes the Eraring, Mt-Piper, Bayswater, Gladstone and Collie, respectively; while the 167 
amount of fly ash was denoted by values of 300, 400 and 500 kg/m
3
. The ratio of 168 
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Na2SiO3/NaOH was expressed by the letter R, followed by the ratios (1.5, 2.0, and 2.5).  For 169 
example, Mix ER500R2.5 refers to geopolymer concrete that was mixed with fly ash from 170 
Eraring power station, with 500 kg/m
3
 fly ash and Na2SiO3/NaOH in the ratio of 2.5. 171 
 172 
2.3 Test procedure 173 
2.3.1 Bond strength test 174 
Direct pull-out tests were carried out according to European Standard EN-10080 [27] to 175 
determine the bond strength between FBGC and steel reinforcement. The bond test was 176 
carried out on cubic specimens 160 mm sides in accordance to the EN-10080 [22]. A 16 mm 177 
diameter deformed steel bar was embedded in the middle of the cubic specimens to a length 178 
of five times its diameter, as recommended by EN-10080 [22]; details of the test specimens 179 
are shown in Figure 2. Three specimens from each mix were tested at the age of 7 days. In 180 
total, 45 mixes of the FBGC were examined for the bond strength test. These bond tests were 181 
carried out in the Highbay laboratory, School of Civil, Mining and Environmental 182 
Engineering, University of Wollongong, Australia. 183 
 184 
The type of failure was identified, and the bond stress-slip relationship was recorded by a 185 
computer mounted onto the testing machine (Instron 8033 testing machine). According to 186 
EN-10080 [22], the bond strength was calculated using the following formula: 187 
 = 5 (1) 
where  is the bond strength, FU is the ultimate pull out force, and d is the bar diameter.  188 
  189 
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 2.3.2 Compressive strength tests 190 
The 100 mm diameter by 200 mm high cylinders were tested for compressive strength of 191 
concrete according to AS1012.9 [28] at the age of 7 days. The average compressive strength 192 
of three specimens was reported for each mix. The compressive strength and was obtained 193 
using a W&T Avery Testing Machine with a loading capacity of 1800 kN. The test was 194 
carried out in the Highbay laboratory, School of Civil, Mining and Environmental 195 
Engineering, University of Wollongong, Australia. 196 
 197 
2.3.3 Scanning Electron Microscopy (SEM) analysis 198 
The Scanning Electron Microscope (SEM) was performed on the crushed FBGC. Neoscope 199 
SEM-JSM 6000 at the Nanotechnology laboratory at the School of Mechanical, Materials, 200 
Mechatronic and Biomedical Engineering, University of Wollongong, Australia was used for 201 
the SEM analysis. The SEM was conducted to investigate the effect of different fly ashes on 202 
the microstructure of the FBGC. Also, the SEM was used to examine the effect of increasing 203 
the fly ash content in the FBGC on the microstructure.  204 
 205 
3. Results and discussion 206 
3.1 Bond strength 207 
The failure mode of pull-out specimens of the FBGC and the effects of test parameters (fly 208 
ash type, fly ash content and Na2SiO3/NaOH ratio) on the bond strength were evaluated. The 209 
results of the pull-out test of the FBGC are summarised in Table 3. 210 
  211 
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3.1.1 Failure mode of the pull-out specimens  212 
All FBGC pull-out specimens failed when the concrete cover split along the steel bar 213 
referring to the brittle nature of the FBGC as shown in Figure 3. The splitting failure occurs 214 
when the forces induced between the steel ribs and the surrounding concrete exceeds the 215 
maximum tensile strength of the FBGC. The splitting failure of the FBGC in the pull-out test 216 
was also reported by Sofi et al. [13], Sarker [14] and Topark-Ngarm et al. [17].  217 
 218 
It was observed that the mode of splitting failure was significantly influenced by the fly ash 219 
content in FBGC mixes. Typically, the propagation of cracks in the FBGC with high fly ash 220 
content (500 kg/m
3
) occurred suddenly through the geopolymer paste and resulted in splitting 221 
the specimens, as shown in Figure 3a. On the other hand, the propagation of cracks in the 222 
FBGC with low fly ash content (300 kg/m
3
) took a time before splitting the FBGC, as shown 223 
in Figure 3b. The effect of the fly ash content in the FBGC on the failure mode may be 224 
attributed to the variance in the total volume of the aggregate that was replaced by the fly ash 225 
in the FBGC mixes. Increasing the fly ash content in the FBGC from 300 to 500 kg/m
3
 226 
reduced the total volume of aggregate by about 24%. The aggregate, especially the coarse 227 
aggregate, works on delaying the crack propagation that initially occurred at the interfacial 228 
transition zone (ITZ) between the aggregate and the geopolymer paste [11]. 229 
 230 
The mode of the splitting failure of the FBGC in the pull-out test was influenced by the 231 
compressive strength of the FBGC. It was found that increasing the fly ash content in the 232 
FBGC promoted the compressive strength of the produced FBGC (see Table 3). The increase 233 
in the compressive strength of the concrete correlates to the increase of the brittleness of the 234 
concrete [11]. As a result, increasing the fly ash content in the FBGC results in increasing the 235 
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brittleness of the FBGC, which in turn affects the mode of failure of the FBGC during the 236 
pull-out test.  237 
 238 
3.1.2 Bond strength of the FBGC 239 
3.1.2.1 Effect of fly ash type on the bond strength of the FBGC 240 
The effect of using different fly ash sources on the bond strength between the FBGC and steel 241 
reinforcement is shown in Figure 4. The bond strength between the FBGC and steel 242 
reinforcement was significantly influenced by the source of fly ash. The FBGC that was 243 
mixed with GL fly ash exhibited the highest bond strength between the FBGC and steel 244 
reinforcement where the average bond strength was 25 MPa. On the other hand, The FBGC 245 
that was mixed with BW fly ash showed the lowest bond strength between the FBGC and 246 
steel reinforcement where the average bond strength was 10.3 MPa. The high average bond 247 
strength of the FBGC that were mixed with GL fly ash may be attributed to the lowest 248 
median particle size, the high content of amorphous component (SiO2 and Al2O3) and the 249 
highest CaO content. The different characteristics of different fly ashes lead to different 250 
extent of geopolymerization between the fly ash and the alkaline activator, which in turn 251 
influences properties of the produced FBGC. 252 
 253 
The different extent of the geopolymerization affects the microstructure of the FBGC that 254 
consequently affects the bond with a steel bar. This is true when comparing the 255 
microstructure of the FBGC that were mixed with different fly ashes. Figure 5 a-e show the 256 
SEM images of the microstructure of Mixes ER500R2.5, MP500R2.5, BW500R2.5, 257 
GL500R1.5 and CL500R1.5 that achieved the highest bond strength of the FBGC that were 258 
mixed with ER, MP, BW, GL and CL fly ashes, respectively. The results show that using 259 
different fly ashes exhibited different microstructure of the FBGC. The microstructures of 260 
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Mixes ER500R2.5, MP500R2.5 and BW500R2.5 (Figures 5 a-c) were less homogeneous and 261 
contained a higher amount of unreacted particles, voids and cracks between the aggregate 262 
particles than those observed in Mixes GL500R1.5, CL500R1.5 (Figure 5 d and e). The 263 
weakest microstructure was observed in FBGC that was mixed with BW fly ash (Figure 5 c) 264 
where the highest amount of unreacted fly ash particles, a large amount of irregular voids and 265 
cracks were found, which is consistent with the lower average bond strength. 266 
  267 
The presence of unreacted particles, voids and crakes in the microstructure of the FBGC 268 
represent weak points that failure may start and/or pass through it [29]. Because of this, the 269 
bond performance between the FBGC and steel reinforcement declines significantly. These 270 
results suggested that the bond strength is essentially dependent on the fly ash characteristics.  271 
 272 
3.1.2.2 Effect of fly ash content on the bond strength of the FBGC 273 
The effect of the fly ash content in the FBGC on the bond strength between the FBGC and 274 
the steel reinforcement is illustrated in Figure 4. An increase in the amount of fly ash from 275 
300 to 500 kg/m
3
 in the FBGC mixes increased the bond between the FBGC and steel 276 
reinforcement. The maximum increase in the bond strength of the FBGC that were mixed 277 
with ER, MP, BW, GL and CL fly ashes were 36%, 16%, 29%, 26% and 29%, respectively.  278 
This improvement in the bond between the FBGC and the steel reinforcement may be 279 
attributed to the improvement in the microstructure of the FBGC that is associated with 280 
increasing the fly ash content in the FBGC as shown in Figure 6 a-d. Using a lower content of 281 
fly ash (300 kg/m
3
) in the FBGC resulted in forming a non-homogeneous and loosely 282 
structured matrix. Unreacted particles and large irregular voids are likely to be found, as 283 
shown in Figure 6 a and c. As discussed above, the presence of unreacted fly ash particles, 284 
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voids, and crakes in the microstructure of the FBGC reduces the bond between the FBGC and 285 
steel bar. 286 
  287 
The poor microstructure of the FBGC that used the lower content of fly ash (300 kg/m
3
) may 288 
be attributed to the poor consolidation of FBGC components. Fly ash particles facilitate flow 289 
between the aggregate particles owing to the spherical shape and smooth surface of the fly 290 
ash particles [8]. Thus, lowering the fly ash content (300 kg/m
3
) reduces the ability of the 291 
FBGC components to consolidate properly around the steel bar which in turn leads to less 292 
integration between the FBGC and the steel bar.  293 
 294 
The use of high fly ash content (500 kg/m
3
) in the FBGC resulted in a dense and compacted 295 
microstructure, as shown in Figure 6 b and d. This improvement in the microstructure of the 296 
FBGC that was mixed with high fly ash content (500 kg/m
3
) may be attributed to the increase 297 
in the packing density (the ratio of volume fraction occupied by the solids to the volume of 298 
the surrounding container) of the FBGC matrix. Increasing the fly ash content increases the 299 
volume of the fine fraction particles in the FBGC matrix which in turn fill the voids between 300 
the aggregate particles and the steel bar. As a result, increasing the fly ash content in the 301 
FBGC improves the microstructure of the FBGC which in turn improves the bond between 302 
the FBGC and the steel reinforcement. 303 
  304 
3.1.2.3 Effect of Na2SiO3/NaOH ratio on the bond strength of the FBGC  305 
The increase of the Na2SiO3/NaOH ratio in the alkaline activator from 1.5 to 2.5 in the FBGC 306 
that were mixed with ER, MP and BW fly ashes fly ashes increased the bond strength 307 
between the FBGC and steel reinforcement, as shown in Figure 4. The increase in the bond 308 
strength between the FBGC and steel reinforcement reached 36%, 29%, and 16% for FBGC 309 
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that were mixed with ER, MP and BW fly ashes, respectively, which is in line with the 310 
findings of Sarker [14]. However, Figure 4 shows that an increase in the Na2SiO3/NaOH ratio 311 
from 1.5 to 2.5 caused a considerable reduction in the bond between FBGC and steel 312 
reinforcement by 19% and 13% for the FBGC that were mixed with GL and CL fly ashes, 313 
respectively. As a result, increasing the Na2SiO3/NaOH ratio in the FBGC does not show a 314 
clear effect on the bond strength of the FBGC due to using different fly ashes that required 315 
different optimum Na2SiO3/NaOH ratios to achieve the highest bond strength of the FBGC.  316 
  317 
The alkaline activator components (Na2SiO3 and NaOH) are mainly composed of the 318 
molecules including SiO2 and Na2O in different ratios. In order to understand the effect of the 319 
Na2SiO3/NaOH ratio on the bond strength of the FBGC, relationships between bond strength 320 
of the FBGC and the liquid SiO2 as well as with Na2O in the alkaline activator were 321 
performed. The relationship between the content of the liquid SiO2 in the Na2SiO3, which 322 
represents 29.4% by weight, and the bond strength of the FBGC were conducted as shown in 323 
Figure 7. The results show that the bond strength of the FBGC increased significantly with 324 
increasing the amount of the liquid SiO2 in the FGBC. The increase of the liquid SiO2 content 325 
results in increasing the reactive silica in geopolymer matrix forming a silicon-rich gel which 326 
has compacted and higher mechanical properties [30]. As a result, the higher bond strength of 327 
the geopolymer is associated with the higher liquid SiO2 in the FBGC matrix.  328 
In addition, the effect of the total Na2O content in alkaline activator components (14% by 329 
weight of Na2SiO3 and 28%-35% by weight of NaOH) on the bond strength between the 330 
FBGC and steel reinforcement was evaluated. Figure 8 shows the relationship between the 331 
total Na2O of the alkaline activator on the bond strength of the FBGC. The results show that 332 
increasing the Na2O in the alkaline activator reduced the bond strength of the FBGC, 333 
irrespective of the type and content of the fly ash. In fact, the Na2O content controls the 334 
15 
 
extent of leaching the fly ash components (SiO2 and Al2O3) in the geopolymer mix while the 335 
fly ash is being geopolymerised [31, 32]. Consequently, the Na2O content affects the 336 
cohesion of geopolymer structure, which in turn affects the bond strength of the FBGC with 337 
steel reinforcement.  338 
 339 
3.1.2.4 Effect of the water content in the FBGC on the bond strength with steel reinforcement 340 
The increase of water content in the normal concrete reduces the bond strength with steel 341 
reinforcement; increasing the water content in concrete increases the bleed of water that 342 
occurs due to concrete consolidation resulting in forming open pores between concrete and 343 
steel [33]. In the FBGC, the alkaline activator is the main source of water (55.9% by weight 344 
of the Na2SiO3 and about 60% by weight of the NaOH) in the mix. Also, water is added to 345 
the geopolymer mix to control the slump of the geopolymer concrete mix. In this study, the 346 
effect of added water on the bond strength of the FBGC was evaluated.  347 
 348 
The effect of the added water on the bond strength of the FBGC is illustrated in Figure 9. For 349 
all FBGC specimens, increasing the added water in the FBGC resulted in a significant 350 
decrease in the bond strength. The amount of reduction in the bond strength between the 351 
FBGC and steel reinforcement was significantly influenced by the fly ash source. The 352 
maximum reduction was observed in the FBGC that was mixed with CL fly ash where the 353 
reduction in the bond strength between the FBGC and steel reinforcement reached 38% due 354 
increasing the amount of the added water from 7 to 15 kg/m
3
. While the maximum reduction 355 
in the bond strength of the FBGC that was mixed with ER fly ash was 25% when the added 356 
water increased from 5 to 14 kg/m
3
.  357 
  358 
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This reduction in the bond strength of the FBGC due to increasing the amount of the added 359 
water in the mixes may be attributed to evaporation of the water from the concrete, when 360 
curing at high temperature, leaving pores and cavities within geopolymer matrix. In addition, 361 
the added water may affect the alkalinity (pH value) of the geopolymer matrix that could lead 362 
to reducing the rate of the geopolymerization between fly ash and alkaline activator.  363 
 364 
3.2 Compressive strength  365 
The results of the compressive strength of the FBGC are summarised in Table 3. The 366 
compressive strength of the FBGC at the age of 7 days was in the range between 16 MPa to 367 
64 MPa. The results show a substantial difference in the compressive strength of the FBGC 368 
due to effects of the tested parameters including the type and content of fly ashes, the dosage 369 
of the alkaline activator in terms of liquid SiO2 and Na2O and the added water. The results 370 
showed that the tested parameters influenced the compressive strength of the FBGC similarly 371 
to that was observed in the bond strength between FBGC and steel reinforcement. The 372 
compressive strength of the FBGC that was mixed with GL fly ash was in the range of 34.4 373 
MPa to 64 MPa, whereas the compressive strength of FBGC that was mixed with BW fly ash 374 
was from 16 MPa to 23.2 MPa. 375 
 376 
 3.3 Relationship between the bond strength and the compressive strength of the FBGC 377 
The bond strength between the FBGC and the steel reinforcement and the corresponding 378 
compressive strength are plotted in Figure 10. The results show that the bond strength 379 
between the FBGC and the steel reinforcement increases significantly with increasing the 380 
corresponding compressive strength. Different models were proposed to estimate the bond 381 
strength between the PCC and the steel reinforcement in terms of the compressive strength. A 382 
comparison was carried out with the models proposed for the bond strength of the PCC by 383 
17 
 
Orangun et al. [34], Hadi [35] and CEB-FIP [36] in Eqs 2, 3 and 4, respectively. These 384 
models were plotted along with the experimental results of the bond strength between the 385 
FBGC and steel reinforcement in this study as shown in Figure 10. It can be seen that the 386 
experimental results of the bond strength between the FBGC and the steel reinforcement in 387 
this study were generally higher than those calculated by Eqs 2, 3 and 4. However, models of  388 
Orangun et al. [34] and CEB-FIP [36] in Eqs 2 and 3, respectively gave comparable values of 389 
the bond strength at a range of compressive strength lower than 25 MPa. While, the bond 390 
strength values that were estimated by the model of Hadi [35] in Eq 4 were 37% to 66% 391 
lower than the experimental results in this study. These results imply that the bond strength of 392 
the FBGC is significantly higher than the bond strength of the PCC in the range of 393 
compressive strength higher than 25 MPa.   394 
 395 
 = 2.18. (2) 
 = 1.33. (3) 
 = 2.51. (4) 
where τ is the bond strength (MPa),  is the compressive strength of the FBGC (MPa).  396 
 397 
As a result, a model was derived based on the results of the bond strength of 45 FBGC mixes. 398 
For this aim, power regression law was used in fitting the relevant best fit line. The model 399 
parameters (intercept and power values) were determined using logarithm method [37]. As a 400 
result, a model with a correlation factor (R
2
) of 0.84 was developed as shown in Eq 5. 401 
 = 1.35	. (5) 
 The ±95% confidence intervals were calculated by using Eq 6 while ±95% prediction 402 
intervals were determined by using Eq 7 [38]. The confidence and prediction intervals at a 403 
18 
 
probability level of ±95% for the power regression line were calculated and plotted along 404 
with the relevant best fit line.  405 
 406 
	%	 = 	 ± !."#∑( − )( − 2 ∗ #1( + (	 − 	+, )--. / 
(6) 
	%	 = 	 ± !."#1 + ∑( − )( − 2 ∗ #1 + 1( + (	 − 	+, )--. / 
(7) 
 407 
where τ 95% confidence is the 95% confidence interval value of the predicted bond strength, τ 95% 408 
prediction is the 95% prediction interval of the predicted bond strength, τ predicted  is the predicted 409 
bond strength using the developed model in Eq 5, 	+, 	is the average of the compressive 410 
strength. The t0.05 is the t-test critical value for 95% interval, and ssx is the sum of the squares 411 
of the standard error of input values. 412 
 413 
The model in Eq 5 was evaluated using the available experimental data from studies were 414 
conducted on the bond strength of the FBGC by Sofi et al. [13] Topark-Ngarm et al. [17] and 415 
Dahou et al. [18]. The data were plotted along with the results of the bond strength between 416 
the FBGC and the steel reinforcement of this study as shown in Figure 10. It can be seen that 417 
the experimental data of Sofi et al. [13] and Topark-Ngarm et al. [17] were significantly 418 
lower than that estimated by developed model in Eq 5. This is because of the low curing 419 
temperature (< 60
o
C) that was used by Sofi et al. [13] and Topark-Ngarm et al. [17] in their 420 
experimental which in turns affecting the developing of the bond strength between the FBGC 421 
and steel reinforcement bar. In contrast, the experimental data of Dahou et al. [18] shows a 422 
good consistency with the model in Eq 5 where the data were between the ±95 prediction 423 
intervals as shown in Figure 10.  424 
  425 
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4. Conclusion 426 
This study investigated the effects that the fly ash characteristics, amount of fly ash and 427 
different Na2SiO3/NaOH had on the bond between FBGC and steel reinforcement. The 428 
following conclusions can be drawn as based on the analysis of the results:  429 
1. The bond strength between FBGC and steel reinforcement was from 7.5 to 30 MPa, and 430 
the source of fly ash affects the strength of the bond between the FBGC and the steel 431 
reinforcement quite considerably. The fly ash characteristics including particle size 432 
distribution, the content of the amorphous components (SiO2 and Al2O3) and the CaO 433 
have a significant effect on the bond strength of the FBGC. The FBGC that was mixed 434 
with GL fly ash exhibited the highest average bond strength between the FBGC and steel 435 
reinforcement (25 MPa), while the FBGC that was mixed with BW fly ash showed the 436 
lowest average bond strength between the FBGC and steel reinforcement 10 MPa.  437 
2. An increase in the amount of ash content from 300 to 500 kg/m3 increased the brittleness 438 
of the FBGC that affects the mode of failure of the FBGC due to pull-out of the steel bar.  439 
3. An increase in the amount of ash content from 300 to 500 kg/m3 increased the bond 440 
between FBGC and steel reinforcement in the range between 16% to 36%.   441 
4. The strength of the bond between FBGC and steel reinforcement differed according to the 442 
increase in the Na2SiO3/NaOH ratio in the alkaline activator. An increase in the 443 
Na2SiO3/NaOH ratio in the FBGC that were mixed with GL and CL fly ashes reduced the 444 
strength of the bond between FBGC and steel reinforcement by 13% to 19%, 445 
respectively. Increasing the Na2SiO3/NaOH ratio in the alkaline activators of the FBGC 446 
that were mixed with ER, MP, and BW fly ashes increased the strength of the bond 447 
between the FBGC and steel reinforcement up to 36%.  448 
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5. The bond strength of the FBGC increased with increasing the SiO2 used in the alkaline 449 
activator.  While it decreases significantly with increasing the total content of the Na2O in 450 
the NaOH and the Na2SiO3.  451 
6. The increase of the amount of added water in the FBGC reduced the bond strength 452 
between the FBGC and steel reinforcement.  453 
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Table 1 Chemical composition of the fly ash samples 580 
  581 
Composition  
Eraring 
(ER) 
Mt-Piper 
(MP) 
Bayswater 
(BW)  
Gladstone 
(GL)  
Collie 
(CL)  
SiO2 (%) 62.9 66.6 77.2 43.4 52.7 
Al2O3 (%) 25.8 25.9 15.2 26.2 33.4 
CaO (%) 2.3 0.4 0.6 5.4 1.0 
Fe2O3 (%) 3.1 0.9 2.5 17.4 9.0 
K2O (%) 1.2 2.7 1.5 0.5 0.3 
MgO (%) 0.3 0.1 0.3 1.4 0.6 
LOI (%) 1.7 1.3 0.7 0.7 0.4 
28 
 
Table 2 Details of the mix proportion of the geopolymer mortar 582 
Fly ash 
Source 
Mix 
No. 
Na2SiO3/
NaOH 
wt. ratio 
Alkaline 
activator/ fly 
ash wt. ratio 
Average 
Compressive 
Strength 
(MPa) 
Eraring 
(ER) 
 
1 
2.0 
0.5 
14 
2 16 
3 21 
4 
0.6 
26 
5 28 
6 32 
7 
0.7 
13 
8 18 
9 24 
Mt-Piper 
(MP) 
1 
2.0 
0.5 
15 
2 20 
3 25 
4 
0.6 
27 
5 30 
6 33 
7 
0.7 
19 
8 23 
9 29 
Bayswater 
(BW) 
1 
2.0 
0.5 
12 
2 18 
3 16 
4 
0.6 
20 
5 24 
6 25 
7 
0.7 
14 
8 17 
9 21 
Gladstone 
(GL) 
1 
2.0 
0.5 
62 
2 58 
3 56 
4 
0.6 
59 
5 56 
6 54 
7 
0.7 
45 
8 43 
9 38 
Collie 
(CL) 
1 
2.0 
0.5 
46 
2 43 
3 40 
4 
0.6 
45 
5 40 
6 37 
7 
0.7 
34 
8 31 
9 30 
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Table 3 Details of mix proportion and results of the fly ash based geopolymer concrete 583 
Mix ID 
Fly ash 
Alkaline 
activator 
Aggregate 
Water 
(kg/m3) 
Slump 
(mm) 
Average 
Compressive 
strength 
(MPa) 
Bond 
strength 
(MPa) 
Fly ash 
type 
Fly ash 
content 
(kg/m3) 
Na2SiO3/
NaOH 
wt. ratio 
Fine 
(kg/m3) 
Coarse 
(kg/m3) 
ER300R1.5 
Eraring 
(ER) 
300 
1.5 627 1333 14.5 92 17 9.5 
ER300R2.0 2.0 628 1335 14.0 91 18 10.2 
ER300R2.5 2.5 629 1336 14.0 91 21 10.4 
ER400R1.5 
400 
1.5 554 1177 10.0 93 19 10.0 
ER400R2.0 2.0 555 1179 10.0 93 20 12.0 
ER400R2.5 2.5 556 1181 9.5 92 22 14.0 
ER500R1.5 
500 
1.5 480 1020 6.5 94 22 10.4 
ER500R2.0 2.0 482 1023 6.0 95 25 12.0 
ER500R2.5 2.5 483 1026 5.7 94 26 14.0 
MP300R1.5 
Mt-Piper 
(MP) 
300 
1.5 622 1321 12.7 93 19 8.6 
MP300R2.0 2.0 623 1323 12.2 89 20 10.0 
MP300R2.5 2.5 623 1324 12.0 91 20 11.7 
MP400R1.5 
400 
1.5 546 1161 9.5 95 20 9.2 
MP400R2.0 2.0 548 1164 9.5 96 21 10.6 
MP400R2.5 2.5 548 1165 9.2 94 22 12.6 
MP500R1.5 
500 
1.5 471 1000 7.0 95 21 13.7 
MP500R2.0 2.0 475 1005 6.7 92 25 14.0 
MP500R2.5 2.5 475 1005 6.7 93 26 15.0 
BW300R1.5 
Bayswater 
(BW) 
300 
1.5 627 1333 16.5 88 16 7.5 
BW300R2.0 2.0 628 1335 16.2 89 18 8.3 
BW300R2.5 2.5 629 1336 16.2 88 19 9.8 
BW400R1.5 
400 
1.5 554 1177 13.7 90 18 9.5 
BW400R2.0 2.0 555 1179 13.0 91 19 10.5 
BW400R2.5 2.5 556 1181 13.0 91 20 11.2 
BW500R1.5 
500 
1.5 480 1020 10.0 93 21 10.5 
BW500R2.0 2.0 482 1023 9.5 92 21 11.8 
BW500R2.5 2.5 483 1026 9.2 92 23 13.0 
GL300R1.5 
Gladstone 
(GL) 
300 
1.5 622 1321 11.0 95 45 24.0 
GL300R2.0 2.0 623 1323 10.5 94 39 22.0 
GL300R2.5 2.5 623 1324 10.2 94 34 20.0 
GL400R1.5 
400 
1.5 546 1161 9.5 98 58 26.0 
GL400R2.0 2.0 548 1164 8.0 96 47 25.0 
GL400R2.5 2.5 548 1165 7.7 97 42 24.0 
GL500R1.5 
500 
1.5 471 1000 6.5 100 64 30.0 
GL500R2.0 2.0 475 1005 5.7 99 62 29.6 
GL500R2.5 2.5 475 1005 4.8 97 53 27.9 
CL300R1.5 
Collie (CL) 
300 
1.5 663 1408 12.3 91 30 17.0 
CL300R2.0 2.0 663 1410 11.5 89 28 16.0 
CL300R2.5 2.5 664 1411 11.5 92 27 14.0 
CL400R1.5 
400 
1.5 601 1277 9.0 92 35 21.0 
CL400R2.0 2.0 602 1279 9.0 93 30 19.6 
CL400R2.5 2.5 602 1280 9.0 92 28 18.3 
CL500R1.5 
500 
1.5 539 1145 7.0 98 43 25.8 
CL500R2.0 2.0 540 1148 7.0 98 41 25.1 
CL500R2.5 2.5 541 1150 7.0 98 36 22.7 
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Figure 1 Particle size distribution of the fly ash samples 
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Figure 2 Details of the bond strength test specimen 
(All dimensions are in mm) 
32 
 
 
 
Figure 3 Typical splitting failure of the pull-out test specimens  (a) Mix GL500R2.0, (b) Mix 
GL300R2.0 
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Figure 4 Variation of the bond strength with fly ash content of the FBGC mixes at 
different Na2SiO3/NaOH ratios 
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Figure 5 SEM images of FBGC for Mixes (a) ER500R2.5, (b) MP500R2.5, 
(c) BW500R2.5, (d) GL500R1.5, (e) CL500R1.5 
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Figure 6 The SEM images for Mixes; (a) ER300R2.5, (b) ER 500R2.5, (c) 
GL300R1.5 and (d) GL 500R1.5 
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Figure 7 Relationship between the liquid SiO2 and the bond strength of the FBGC 
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Figure 8 Relationship between the total Na2O and the bond strength of the FBGC 
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Figure 9 Relationship between the added water and the bond strength of the FBGC 
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Figure 10 Bond strength of the FBGC versus the compressive strength 
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